Abstract-In this paper, we investigate the penetration capabilities of microwaves, particularly at L-band, for the mapping of subsurface heterogeneities such as lithology variations, moisture or sedimentary structures. The experiment site, the Pyla Dune, is a bare sandy area allowing high signal penetration and presenting large subsurface structures (paleosoils) at varying depths. Several radar data sets over this area are available. A polarimetric analysis of airborne synthetic aperture radar (SAR) data as well as the ground penetrating radar (GPR) sounding experiment show that subsurface scattering occurs at several places. The SAR penetration depth is estimated by inverting a scattering model for which the subsurface structure geometric and dielectric properties are determined by the GPR data analysis. These results suggest that airborne radar systems in a lower frequency range (P-band) should be able to detect subsurface moisture down to several meters, leading to innovative Earth observation systems for hydrogeology in arid regions.
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I. INTRODUCTION

I
N THE last ten years, microwave remote sensing techniques have provided unexpected insights into the Earth's surface structure and processes, and triggered the development of entirely new research fields in geodynamics. For instance, spaceborne synthetic aperture radar (SAR) has provided measurements of ground geometry and surface displacement with unprecedented accuracy. The characterization of surface parameters using polarimetry is another demonstrative example. Using spaceborne SAR (e.g., SIR-C/X-SAR, JERS-1, ERS-1/2, RADARSAT), three characteristics of the Earth's surface can, in principle, be observed: 1) the slope, i.e., the topography; 2) the surface roughness determined by vegetation cover or geology and erosion processes in arid areas; and 3) the dielectric properties mainly related to soil moisture [36] . Over arid areas, low-frequency electromagnetic waves can penetrate down to several meters, allowing probing of the subsurface [16] . So far, this technique has drawn little interest in the radar remote sensing community, but could be useful for accurate mapping and characterization of subsurface structures, e.g., the detection of subsurface moisture. SAR penetration effects were previously observed from SIR-A data by Schaber et al. [31] in the southern part of Egypt. In this study, depths of penetration down to 1.5 m were estimated, in good agreement with attenuations deduced from dielectric measurements. In the same way, Berlin et al. [5] found that radar wave penetration was larger than 1 m by comparing SIR-B data to field observations in Saudi Arabia. Farr et al. [18] also estimated skin depths between 0.5 and 1.7 m by studying L-band backscattering of buried receivers in the Nevada desert. Later, Abdelsalam et al. [1] and Dabbagh et al. [11] used SIR-C/X-SAR data in, respectively, NE Sudan and Arabia and showed that depth of penetration was of the order of several meters. Finally, combining X-, C-, and L-bands, Schaber et al. [32] clearly showed the power of multifrequency polarimetric data analysis, particularly with the cross-polarized HV component in low-frequency range, for geologic mapping below sandy materials.
Each of these experiments demonstrated the capability of microwaves to detect subsurface geologic features like relic fluvial channels buried under a few meters of sand. These observations were supported either by field excavations or by laboratory permittivity measurements of soil samples, leading to calculations of radar waves attenuation. Field measurements were collected at a limited number of points through a destructive approach (i.e., excavation) of the overlying [18] , [31] . To avoid such drawbacks, an alternative method based on ground penetrating radar (GPR) was developed. This geophysical sounding technique is used here to detect soil dielectric discontinuities, features potentially causing subsurface scattering on SAR images. A more quantitative approach is also developed to estimate dielectric parameter distributions as a function of depth by matching observed GPR profiles to simulated ones, the resulting dielectric model being used as an input in SAR scattering models.
The results presented here concern the Pyla dune near Bordeaux in France (Fig. 1) . This area was the test site for the sounding radar of the Mars 96 Mission [4] . It covers an area of about km, reaches 100 m height, and is mainly composed of sand. This material comes from the erosion of the Pyrénées and the Massif Central via the Aquitanian coastal rivers. The geometry of the dune has evolved in time according the meteorological effects, especially the wind, so that the dune system has built from the sea to the land through long cycles. During the quiet periods, vegetation grew on the dune surface and fixed the sand. Then, during the more active periods, the sand covered the vegetation layer, producing paleosoils. The resulting dune system causes important damages as it progressively migrates over the forest and buildings located downwind. This area is particularly suitable to radar sounding experiments, as it is mainly composed of a low loss sandy material, allowing high signal penetration. This site has been imaged by two airborne SARs: 1) the French RAMSES system and 2) the US AIRSAR one, which both provided calibrated polarimetric data.
In this paper, we first present the polarimetric analysis of AIRSAR and RAMSES data, followed by a description of the field campaign carried out in order to measure surface roughness profiles and record GPR sections. The subsurface structures detected by GPR are then shown to be in agreement with the subsurface scattering component observed through the polarimetric data analysis and a description of the technique used to characterize the geometric and dielectric properties of the subsurface structures from GPR data is given.
Based on the comparison between the RAMSES co-polarized radar return and the result of a two-layer scattering model, an estimation of L-band radar performance to penetrate sandy soils is proposed and discussed.
II. SAR POLARIMETRIC STUDY
Two airborne L-band SARs were considered: the US AIRSAR system developed by NASA/JPL, and the French RAMSES system developed by ONERA and DGA. Both provide polarimetric data (HH, HV/VH, and VV polarizations) with high spatial resolution. AIRSAR resolution (about 6 m) is not fine enough to clearly identify paleosoils under the sand. With a higher spatial resolution (0.8 m), RAMSES data provides evidence associating subsurface scattering areas to paleosoil structures.
A. AIRSAR
AIRSAR operates C-(5 GHz), L-(1.25 GHz), and P-bands (440 MHz) with a resolution of 3 m in range and 6 m in azimuth [38] . The P-band data could not be analyzed because of strong signal interference probably caused by a near-by surveillance radar, but a polarimetric analysis of C and L-band data was performed. Data were acquired during June 1991, with an incidence angle with respect to the local vertical ranging from 30 (near range) to 53 (far range), a track angle (flight heading) of 132 N, and are calibrated. Fig. 2 presents HH and HV polarization image for C-and L-bands. The Landes forest is bright (top of the images), the ocean surface appears dark (lower part of the image), and the Pyla dune presents a low backscattered signal because of its smooth surface. Co-polarized signal contains both surface and nonsurface scattering components, whereas the nonsurface scattering component, i.e., subsurface and volume scattering components, is the main contributor of the cross-polarized signal. Structures in the sandy area appear slightly in the L-band HV image [ Fig. 2(d) ] and are thought to be mainly related to paleosoils which present a strong permittivity contrast with the sand, because they behave like moisture tanks (cf. permittivity measurements presented hereafter). These structures produce a strong depolarization of the incident wave, leading to a significant HV or VH return, as can be seen in RAMSES high-resolution images [cf. Fig. 4(c) ]. Pure volume scattering occurring in the upper sand layer appears to be weak since the material is homogeneous and has a low permittivity. The C-band HV image of the sand dune in Fig. 2(b) corresponds to an homogeneous area with very low backscattered power, while the L-band HV image shows weak linear structures parallel to the coastline [see the right part of the dune in Fig. 2(d) ]. These structures are interpreted to be the paleosoils seen under the superficial sand layer, indicating a deeper penetration at L-band than at C-band.
A polarimetric analysis of C-and L-band data was performed to detect regions where pure surface scattering is not the main contributor to the signal (i.e., where volume and subsurface scattering occurs). Such areas should appear in both HH and HV images, since HH contains both surface and nonsurface components and HV mainly shows volume and subsurface scattering. It should be noticed that pure volume scattering presents a HV/HH ratio of around 1:3 and correspond to a low HH-VV correlation [30] . Fig. 3 shows the HV/HH ratio image and the HH-VV correlation image for both C-and L-bands. The C-band HV/HH ratio in Fig. 3 (a) looks evenly distributed with low values, indicating that surface scattering occurs for all area types (forest, sand, water). Fig. 3(b) shows a higher L-band HV/HH ratio for the forest (mean value of 0.31), a lower value for the water surface, and one can observe some weak structures in the sand dune. In the same way, Fig. 3(c) shows a rather uniform high correlation between HH and VV channels, indicating that mostly surface scattering occurs at C-band. However, one can observe a brighter region corresponding to the ocean and a darker region corresponding to the sand dune in Fig. 3(c) . The L-band correlation image in Fig. 3(d) presents a strong contrast between the forest at the top (mainly volume scattering, mean value of 0.36) and the ocean at the bottom (pure surface scattering, mean value of 0.82). The sand dune shows a mixture between high and low HH-VV correlation, indicating that nonsurface scattering occurs at some places.
The resolution of AIRSAR is not fine enough to clearly identify subsurface scattering occurrences and relate them to paleosoils, but the polarimetric analysis shows that nonsurface scattering occurs over the sand dune for L-band data.
B. RAMSES
The RAMSES L-band (1.6 GHz) image of the Pyla dune is shown in Fig. 4 [7] . It was acquired in June 1998 with an incidence angle with respect to the local vertical ranging from 52 As for AIRSAR data, a polarimetric analysis was performed to characterize the electromagnetic interaction and to detect regions where subsurface scattering occurs. Results are presented in Table I . Forest zones present large depolarization ratios (HV/HH and VH/VV) around 0.5 and a flat phase difference distribution; this is coherent with random volume scattering. The ocean presents a typical surface scattering behavior, i.e., no phase difference between HH and VV, and a stronger VV return which produces a lower VH/VV polarization ratio. The dune area presents a nonuniform behavior and representative test zones were selected: "Dune" for the very weak backscatter areas (smooth and thick sand layers); "Alios" for the bright line running parallel to the coast line (it is the first stratum under the dune, which is made of very wet iron-rich vegetation fragments); and "Paleosoil" for the linear structures corresponding to paleosoil outcrops. "Dune" zones correspond to the sum of a weak surface scattering and a weak volume scattering process in the upper sand layer with a depolarization ratio around 1:3. The phase difference distribution for smooth and sandy areas is Gaussian, and is consistent with previous experimental studies [37] . Depolarization ratio VH/VV for paleosoil corresponds to intermediate values between surface and volume scattering, indicating that non pure surface scattering occurs here. These areas correspond in fact to subsurface scattering zones, as confirmed by GPR measurements presented hereafter. The alios soil, corresponding to the bright vertical line on the left in Fig. 4(c) , gives poor depolarization ratios and a rather low phase difference.
A systematic analysis was done to draw a map of nonsurface scattering regions. . Considering that nonsurface scattering regions (including subsurface scattering caused by buried paleosoils) should appear in both HH and HV images, that they should have a higher HV/HH ratio and correspond to a lower HH-VV correlation, we combined these conditions to hold the "nonsurface scattering map" presented in Fig. 5 (e).
The NE-oriented bright line at the bottom of the dune in We studied the phase difference between HH and VV signals for this area and results are presented in Fig. 6 . The phase difference, equal to zero for the ocean, presents a strong increase for the first ten meters after the point where paleosoil outcrops. The location of the outcrop corresponds to a peak in the HH and HV images. The maximum for is about 25 and is related to a buried layer located down to 6 m under the dune surface. The correlation between HH and VV signals remains high (close to 0.7). It should be noticed that traces the subsurface paleosoil far after the HH amplitude signal has disappeared, allowing thus to see deeper under the sand layer.
The reason for the phase difference observed in Fig. 6 could be an anisotropic medium. Actually, the sand covering the paleosoils is stratified and presents also various structures due to water run-off (Fig. 7) . The resulting oxidation layers and sand stratums can both cause an anisotropy of the permittivity distribution in the first sand layer, thus leading to different behavior for HH and VV polarizations. This effect can only be observed for the wave backscattered by the buried paleosoil, which travels through an anisotropic sand layer.
A reflection on a permittivity gradient might also explain the observed phase difference. According to the WBK model [17] , a single reflection on a permittivity gradient changes the phase of the incident wave. This model considers a complex value for the reflection coefficient: the phase difference between HH and VV signals could then be due to the fact that the reflection coefficient is different for H and V polarizations. The paleosoils can be seen as large wet stratums, alimented with water coming from the upper and lower sand. As the sand-paleosoil interface is not sharply defined, one should observe a moisture gradient and then a high permittivity gradient at this interface. However, the WBK approximation applies when the properties of the medium are slowly varying on a scale comparable to the wavelength, which is not the case here.
These results show that subsurface imaging of moisture is efficient with L-band sensors if high resolution is combined to polarimetry, and if calibrated data are available.
III. FIELD EXPERIMENT
The studied site is located in the south-western part of the Pyla dune, where sedimentary structures become more superficial, and where the polarimetric analysis indicates a strong depolarized signal, due to penetration effects [ Fig. 5(b) ]. The field experiments consisted in surface roughness measurements and in subsurface structures imaging with GPR. This information is needed to determine the contribution of both surface and subsurface scattering. Samples of sand, paleosoils and alios were also collected for laboratory permittivity measurements.
A. Roughness Measurements
Surface roughness measurements were conducted using a laser profiler developed by ESA [12] . Two 20-m long roughness profiles were collected, parallel and perpendicular to the coast line direction. A profile is a juxtaposition of several 5-m long profiles, with a spatial resolution of 5 mm. Once a 5-m long profile is acquired, the laser profiler is moved exactly by 5 m and realigned using a theodolite. The two roughness parameters, standard deviation of surface height ( ) and correlation length ( ), were computed for profile sections of length 1, 2, 4, 5, 6, 10, and 20 m. We found that is of the order of 5.5 mm in both the perpendicular and parallel directions. Fig. 8 illustrates the exponential dependency of the correlation length with respect to the profile length. As already observed in [3] , the correlation length increases as a function of the profile length, with a higher rate between 1 m and 10 m. Nevertheless, the low values obtained for compared to the L-band wavelength suggests that the dune's surface can be considered as smooth for the SAR (cf. Fig. 9 ).
B. GPR Campaign
GPR was initially designed to quickly image ground structures and to detect subsurface objects for geological, geotechnical, or hydrogeological applications [28] . For that reason, it is widely used in monostatic mode, i.e., the transmitter and the receiver antennas located at the same place. The basic principle of the acquisition scheme can be summarized as follows: a radar impulsion is emitted by the transmitter, which determines the central frequency and the bandwidth of the signal. The wave propagates into the ground and is recorded at the receiver, after it has been reflected and diffracted by the soil dielectric contrasts.
In order to study heterogeneous medium with GPR, we need to analyze both coherent and incoherent signals. Depending on their size, respectively, larger or smaller than the incident signal wavelength, these heterogeneities can be considered as reflectors or scatterers. Therefore, for a given bandwidth, the medium can be modeled 1) by large structures detected by lower frequencies and producing reflectors on radargrams, and 2) by local variations of dielectric parameters affecting higher frequencies so that wave amplitude and phase diffusion is observed [39] .
Classical GPR acquisition and processing techniques can be used to estimate large-scale propagation parameters (velocity and attenuation ) which are themselves related to the dielectric ones (dielectric permittivity , electric conductivity , and magnetic permeability ). At first approximation, the site can be modeled by horizontal layers, and therefore velocity changes with depth can be approximated from normal move out (NMO) analysis applied on common mid points (CMPs) records [34] . Classical monostatic profiles can also be recorded to localize high impedance structures appearing as reflectors or diffractors on GPR sections.
We carried out a geophysical campaign where different monostatic profiles and CMP records were acquired at several frequencies. CMP records were spread according to the North-South direction, so that the topography and paleosoil layers can be considered as horizontal structures. Fig. 10 shows MHz. NMO velocities were used for the time to depth conversion. P indicates main reflectors (paleosoils); S indicates sedimentary patterns inside the upper sand layer that could correspond to an interface between dry and wet sand.
CMP measurements with the corresponding semblance diagrams resulting from NMO analysis. The velocities calculated from the semblance vary from 0.08 to 0.15 m/ns. Highest values are in good agreement with those obtained for high silicated dry materials, for which values of dielectric permittivity around 6 were observed [27] . Low values could correspond to the water saturated superficial layer. Monostatic radar profiles were realized along a line of about 150 m long, running West-East from the beach to the top of the dune. Different antennas of 100, 300, and 500 MHz were selected to test the frequency effects on the backscattered signal [ Fig. 11(a)-(c) ]. Data were processed with the Radar Unix Code [23] , using standard algorithms such as amplitude recovering, frequency filtering, and topographic corrections. All profiles indicate a very good penetration of the signal, defined as the maximum depth where signal is stronger than noise. Paleosoils appear clearly as horizontal high-reflective layers. Between them, sedimentary patterns related to the dune dynamic displacement are visible. They were probably generated by the combination of wind and erosion processes. The signal penetration is estimated to 30 m after time axis has been converted to depth using the NMO velocities. This limit corresponds to the alios soil, which acts as a strong reflective layer because its moisture content. For that reason, whatever the frequency, the signal is stopped at this level and the penetration dependence on frequency cannot be observed.
These data also show an increasing resolution with frequency since internal structural patterns of the dune are much more detailed for high-frequency profiles than for low-frequency ones.
So far, GPR techniques reveal subsurface structures and allow radar wave velocity estimation, but are not adapted for studying attenuation effects. Attenuation processes, which are much more difficult to characterize, can have two origins: the first one is related to dielectric relaxation and conductive losses, and the second one is due to wave diffusion on local dielectric variations as discussed before. To study these processes, numerical simulations can be performed, until a good match between the observed and the calculated attenuation curves is achieved. Such simulations are interesting to translate propagation parameters ( ) into dielectric ones ( ). The approach is presented in the next section.
C. Permittivity Measurements
Permittivity measurements were performed for various soil samples of the Pyla dune using HP4192A and HP 8510 analyzers. Results presented in Table II were obtained for dry samples in the 0.2-4 GHz frequency range. It appears that permittivity values remain constant over the considered frequency range and that all considered materials have a very low loss tangent. It has to be noticed that the measured permittivities are somewhat lower than classical values found in [27] . This can be explained by the fact that we used a system characterizing natural samples (i.e., we do not compact samples) which keep their original porosity and contain voids. The dielectric contrast between sand, paleosoil, and alios is small and cannot explain the high reflectivity observed for alios and paleosoils in both SAR and GPR data. It means that the dielectric contrast between the dune sand and the buried structures is mainly due to a difference in water content: the alios and paleosoils act as water tanks retaining the streaming water.
IV. GPR AND SAR SIMULATIONS
A. Ground Penetrating Radar
In order to understand microwave interactions observed for GPR data, radar wave propagation in complex geological structures was simulated. In the last few years, several physical models based on ray tracing [29] , [8] , finite differences [26] , or pseudo-spectral methods [9] , have been developed to solve this problem. The modeling method used here was conceived to simulate GPR experiments in three-dimensional (3-D) heterogeneous and dispersive media, without increasing significantly computation times. Because the GPR is running in monostatic mode, the algorithm uses the exploding reflector principle [10] , where the upgoing field diffracted from the local sources and recorded to the receiver is only considered, providing that velocities are divided by two. The calculated GPR signal derives from the convolution of the propagated electric field by the dielectric contrast distribution of the ground , leading to (1) where and are the wavenumbers in the , , and direction, and is the angular frequency.
Antenna radiation patterns of the transmitter and receiver are implemented using the analytical solution from [2] . The implementation of this model was performed by using a phase shift technique [21] , [33] , in the domain [6] which provides low computation times without neglecting main physical processes of radar waves propagation [25] .
In this algorithm, the medium can be parameterized according to a 3-D grid, so that both large dielectric structures-such as geological layers-or local heterogeneities-such as local variations of dielectric parameters-can be introduced. Frequency, bandwidth, polarization mode of the signal, and antenna diagram patterns can also be stipulated.
To focus our attention on the origins of the attenuation processes, we first simulate a series of synthetic data for the different cases presented in Table III . The basic model is composed of two horizontal layers, in which either the factor or the local variations of dielectric parameters can vary. These local variations are introduced according to a uniform probability density function controlled by the deviation so that (2) where is the random function varying between 1 and 1, and correspond to dielectric parameters in the homogeneous and in the perturbed case, respectively. The interface roughness can also be introduced in the same way by stipulating the deviation to be applied at the -coordinate of each point defining the interface (3) Following that scheme, synthetic GPR data are calculated and the corresponding attenuation curve, taken as the instantaneous amplitude averaged on the traces of the profile, are computed with [22] (4) Fig. 12 shows the synthetic GPR section calculated for the three arbitrary dielectric models described in Table III . The attenuation curves of the backscattered power calculated for each model are shown; Model 2 being taken as reference. The contribution of increasing dielectric losses is illustrated by Curves 1 to 3 where is set to 10, 25, and 200 in the first layer. It is clear that the backscattered power available at a specific time is lower when the factor is low, i.e., the loss tangent is high. The contribution of wave diffusion losses is illustrated by Curves 4 and 5, where the reflected power returned from the interface between Layers 1 and 2-at time 100 ns-is decreasing when the deviation is increasing in Layer 1. As it is demonstrated within this example, dielectric losses and wave diffusion can both be involved in attenuation processes. This was integrated in the GPR modeling of the Pyla dune.
The model of the dune takes into account the topography, the paleosoils and the dielectric features of each layer in term of dielectric constant, magnetic permeability, interface roughness, and the statistical variations of these parameters. Some a priori data were used to build the first model to be tested: the velocity gradient with respect to depth resulting from the NMO analysis, and the electrical resistivity , estimated around 2000 m from electrical measurements of sand. Both of these indications constraint the global permittivity and factor if it is assumed in first approximation that [14] and thus (5) being the radar wave velocity in void. The source signal was set to 500 MHz with a bandwidth of 500 MHz to compare the simulations with the observed 500 MHz GPR profile, but also to be within the range of SAR P-and L-bands. Since the real part of the permittivity values was deduced from CMP measurements, the attenuation model was estimated by trial and error according to the phenomenon described above and shown in Fig. 12 . This was performed so that the synthetic data could match the observed ones. Table IV summarizes the end values of the different parameters (mean dielectric constant values obtained from GPR simulation differ from values presented in Table II , since the in-situ materials are not dry). Fig. 13 shows their spatial distribution and the corresponding synthetic image after the topography has been taken into account. Observed and calculated GPR profiles [Figs. 11(c) and 13(d)] as well as their related attenuation curves [ Fig. 14(a) and (b) ] show that the model can explain both the reflective structures of the Pyla dune and the backscattered power. The dune can be described as a multi-layered medium where metric layers of paleosoils ( ) are inserted in a dry sand material ( ). A subsurface layer of wet sand ( ) is introduced to explain both the high reflective part of the signal and the low wave velocity observed in the NMO analysis of the first 50 nanoseconds. Considering these results describing more than 40 m of the Pyla dune's subsurface, we can consider that some of the backscattered patterns observed in SAR images certainly result from ground structures located in the first few meters. This is confirmed by the model presented in the next section.Section IV-B
B. SAR
In this section, we describe the simulation of the RAMSES backscattered co-polarized signal using a two-layer surface and volume scattering model. The subsurface structure geometry and its dielectric parameters were derived from GPR data (see Table IV , and (c) 500-MHz synthetic GPR image of the Pyla dune. NMO velocities were used for the time-to-depth conversion.
Section IV-A), and the surface roughness information was measured using the laser profiler.
1) Single Layer Scattering Model As smooth to medium rough surfaces are considered here, the integral equation model (IEM) proposed in [19] can be used. The single layer scattering model considers a single homogeneous layer characterized by its dielectric constant ( ), albedo ( ), optical depth ( ), and surface roughness (cf. Fig. 15) . The surface autocorrelation function (a Gaussian function is assumed here), height standard deviation , and correlation length , describe the surface roughness. The parameter depends on the profile length considered and was shown to be very critical for the IEM model [3] , [13] , [15] .
The IEM model validity range is expressed by the following conditions:
and (6) where is the wave number of the incident plane wave ( ). Only the single scattering term will be considered here, which is a valid approximation when dealing with HH and VV polarizations. We shall also use the Fresnel transmission coefficients since we have small values for the dielectric constant (GPR measurements of permittivity profiles show that for dry sand and paleosoils).
The total backscattered power is the sum of a surface scattering term and a volume scattering term [20] ( 7) where HH or VV, and which is the Fourier transform of the th power of the Gaussian surface correlation function. For single scattering, the cross-polarized returns, i.e., HV and VH, are zero, which is not the case for the subsurface structures of the Pyla dune [e.g., Fig. 5(b) ]. However, the intensity of the backscattered cross-polarized signal is weak ( 28 dB) compared to the co-polarized signal ( 15 dB), and we can consider at the first order that most of the backscattered energy is present in HH and VV polarizations.
2) Two-Layers Scattering Model We consider now a smooth layer of dielectric constant and thickness covering a rougher layer of dielectric constant [16] as represented in Fig. 16 . Considering the first order radiative transfer solution, the total backscattered power can be written as [20] (10)
where is the surface scattering term from the top layer given by (8) , is the volume scattering term in the first layer given by (9) , represents the noncoherent scattering from the bottom layer attenuated by the first layer. It can be approximated by (11) where is the surface scattering term for the lower layer evaluated using (8) and parameters of the layer medium. Finally, is the interaction term between volume inho- mogeneities and the lower layer, which is neglected here (the upper sand layer is considered homogeneous).
As previously shown, we consider here only the single scattering term for each layer, that is the cross-polarized returns are zero.
3) Model Parameters GPR experiments showed that paleosoils are mainly horizontal (Fig. 11) . We considered the paleosoil #4 in the southern part of the Pyla dune, which is almost entirely covered by a sand layer whose thickness varies linearly from zero to several tens of meters [NE-oriented structure in the southern part of the dune in Fig. 5(b) ].
The site geometry allows derivation of the first sand layer thickness in a very simple way as represented in Fig. 17 : the sand layer thickness at a distance from the paleosoil outcrop is , where is the dune slope ( 15 ). The two-layer model parameters are estimated as follows. The permittivity of the first layer (dry sand) and of the second layer (paleosoil) are obtained from analysis of GPR profiles (cf .  Table IV) , that is and . The first layer albedo is set to 0.01, since it is composed of homogeneous sand with a high extinction coefficient and a low scattering coefficient. RAMSES L-band SAR operates at a frequency of 1.6 GHz that is a wavelength cm, and the incidence angle is 55 , that is a local incidence angle 40 . For surface roughness parameters, we consider a Gaussian autocorrelation function for both layers since they are smooth surfaces. For the first sand layer, we take cm and cm. These values were derived from laser profiler measurements. For the second paleosoil layer, we take cm and cm. These values were estimated from hand-dug pits that show the sand-paleosoil interface. Fig. 18 presents a close view of paleosoil #4 in the RAMSES HH scene, showing the strong radar return at the outcrop, which then gently decreases when the thickness of the covering sand layer increases.
4) Comparison Between Model and Experimental Data
The backscattered power from the two-layers zone can be expressed after (10): (12) while the backscattered power from the single layer zone (it can be seen as a two-layer zone with a first layer thickness ) can be expressed after (7) (13) Let us consider the quantity defined as (after [16] )
We can express as a function of the upper sand layer thickness , with when , all other parameters being set as previously described. Fig. 19 shows variation of as a function of the top layer thickness for both HH and VV polarizations. The solid line corresponds to the theoretical value computed using (14) for the chosen model parameters. The dash lines correspond to experimental data derived from two RAMSES image profiles crossing the paleosoil #4 location.
We can see a good agreement between theory and experimental data. The RAMSES L-band SAR can detect subsurface structures covered by sand to a depth of several meters, up to 4 m according to solid lines in Fig. 19 . This penetration depth is coherent with results of previous studies performed in Egypt using SIR-C L-band data [31] , [32] , but we present here a more quantitative approach. Further theoretical developments are needed to take into account the cross-polarized return and explain the phase difference between HH and VV channels observed in Fig. 6 . One should notice again that this phase difference allows to detect the palesoil #4 signature down to a larger depth than when only considering HH or HV return: we estimated a penetration depth of 6.5 m from Fig. 6 .
V. CONCLUSION
The objective of this work was to evaluate the capabilities of L-band radar systems to penetrate soils in order to obtain information about subsurface structures (moisture) and related dielectric parameters. The Pyla dune was explored as a first test site to develop our methodology.
Evidence of subsurface scattering was derived from polarimetric analysis of AIRSAR and RAMSES L-band data. The high resolution of RAMSES images allowed recognition of subsurface structures in the cross-polarized signal, related to buried paleosoils. GPR was successfully used to validate the presence of subsurface structures. Physical models for GPR wave propagation in heterogeneous dispersive medium was developed to estimate the Pyla dune dielectric parameter distributions. Both large-scale structures and local variations of dielectric parameters are considered to respectively model the wave reflection and diffraction. Dielectric losses and wave diffusion are taken into account in attenuation processes. Several metric horizontal layers of paleosoils located inside a sandy material compose the Pyla dune. The dielectric permittivity varies from 5 for dry sand to 24 for wet paleosoils, with a value around 17 in the wet superficial sand layer. factor is around 100 in the dry sand, but drops to 10 in paleosoils. These results were combined to surface roughness measurements to constrain a two-layer IEM model. We show that pure volume scattering in the upper sand layer is weak, the main backscattered signal being produced by a subsurface scattering process on the buried paleosoils. This process generates a phase difference between HH and VV chan-nels, which could be due to a permittivity anisotropy in the covering sand layer.
L-band SAR simulation shows that a penetration of 4 m is needed to explain some of the bright patterns observed in SAR images. This penetration depth corresponds to twenty times the SAR wavelength. This result confirms that an airborne SAR in the P-band frequency range (around 400 MHz) could detect buried structures or moisture down to 10 m in arid regions. While the penetration depth is here much smaller than GPR, such a system could nevertheless investigate large areas with a relatively high efficiency.
Our first results open the way to new applications of radars for Earth observation, in particular for mapping the surface and subsurface soil characteristics, such as water content, geological layers, buried objects and heterogeneities. A new airborne sensor, named SETHI P-band, which combines nadir looking, side looking and polarimetric capabilities, is currently under development at ONERA as an offspring of the RAMSES system [24] . It will offer a new facility to the remote sensing community to evaluate the high potentials of the P-band for various applications: subsurface imaging, water detection, biomass evaluation, ice sounding, ocean study, and archeology in arid regions.
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